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Magnetite-supported palladium single-atoms do not
catalyse the hydrogenation of alkenes but small clus-
ters do†
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The activity of supported noble metal catalysts strongly
depends on the particle size. The ultimate small-size limit is
the single-atom catalyst (SAC), which is known to maximize
the catalytic efficiency. Here, we investigate the catalytic
behavior of Pd SACs supported on magnetite nanoparticles
and, in clear contrast with all reports, we demonstrate
that Pd SACs are absolutely inactive in the hydrogenation
of various alkene substrates. Instead, Pd clusters of low
atomicity exhibit outstanding catalytic performances.
Supported noble metal catalysts have received tremendous at-
tention in the last years1 because of their high activity and selec-
tivity for a large number of reactions. In this context, function-
alized magnetic nanoparticles have emerged as viable support-
ing materials given that they offer the advantage of being eas-
ily separable from the reaction solution by an external magnet.2
This is important in order to prevent loss of catalyst and, at the
same time, to increase its reusability.3 For the fabrication of these
systems noble metals are dispersed finely on the magnetite sup-
port and the size of the metal particles becomes a crucial factor
that governs the performance of the catalyst.4 It is well known
that generally subnanometre clusters have better catalytic activ-
ity and/or selectivity than nanometre-sized nanoparticles, most
probably due to the low coordination of the unsaturated atoms
that act as active sites.5 The lowest limit of downsizing metal
particles is to disperse the metal exclusively as isolated atoms, de-
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noted as "single-atom catalyst" (SAC). SACs are desirable species
because, potentially, all the atoms are able to catalyse. This prop-
erty has also important economic implications. But the question
that arises is whether isolated single atoms have a better perfor-
mance than the corresponding sub- or nanometre-sized particles.
The answer is yes for the vast majority of examples, such as the
water-gas shift reaction (WGS), CO oxidation and preferential ox-
idation (PROX) of CO in H2,6,7 methane conversion,8 and other
reactions.9–11 This general concept is challenged by recent stud-
ies on Au-based catalysts. Specifically, Corma showed that Au
SACs accompanied with Au dimers supported on functionalized
carbon nanotubes presented an initial induction period in the aer-
obic oxidation of thiophenol with O2,12 suggesting that the active
species were not the isolated gold atoms present but other metal
species formed during the reaction. In order to clarify this sce-
nario, we have investigated the catalytic performance of Pd SACs
and/or nanoclusters supported on magnetite nanoparticles for the
hydrogenation of styrene. Surprisingly, we have found that Pd
SACs are not active at all in the hydrogenation of styrene. Be-
sides, the individual atoms of Pd anchored on the Fe3O4 support
were recovered unaltered and no metal aggregation was detected.
These facts permit to establish unambiguously that Pd SACs sup-
ported on magnetite do not catalyse the hydrogenation of styrene.
This behaviour contradicts the excellent catalytic efficiency de-
scribed for Pd SACs in the following processes: carbon monox-
ide oxidation,13 hydrogenation of alkynes and nitroarenes,14 se-
lective aerobic oxidation of allyl alcohols,15 selective hydrogena-
tion of 1,3-butadiene,16 and hydrogenation of styrene and acety-
lene on Cu metal surface.17 However, it should be noted that for
the reactions investigated in the preceding examples, the nature
of the supporting surface as well as the reaction conditions are
clearly different from those described here. In this paper, we have
distinctly proven that while the single isolated Pd atoms are ut-
terly inactive, nanoclusters of 0.9-1.5 nm display prominent TOFs
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Fig. 1 HAADF-STEM images of sample 1. (a,b) Examination of
different regions reveal isolated Pd atoms (white circles) uniformly
dispersed on the magnetite support. For clarity, only a few isolated Pd
atoms are encircled in each panel, although many more are present.
for the hydrogenation of styrene that significantly exceed the best
reported results for supported Pd catalysts.
The deposition of metals on the magnetic nanoparticles can
be achieved by the direct reaction of the metal precursor salts
with bare magnetic nanoparticles followed by reduction. This
strategy generally provides poor nanoparticle size distributions
so that it is preferable to previously functionalize the magnetite
nanoparticles with linkers equipped with terminal coordinating
groups.18 We have taken advantage of our method based on the
use of the auxiliary ligand dopPPh2,19 which contains a cate-
chol moiety able to anchor to the magnetite surface. Pd load-
ing onto Fe3O4dopPPh2 nanoparticles involves the addition of the
appropriate amount of K2[PdCl4] to a previously sonicated sus-
pension of Fe3O4dopPPh2 in water, followed by reduction with
NaBH4. The total Pd deposited was obtained by inductively cou-
pled plasma optical emission spectrometry (ICPoes). To evaluate
the effect of Pd loading on the structure and performance of the
final catalyst we prepared five samples of NPs containing a Pd
weight content of 0.18% (sample 1), 0.38% (sample 2), 0.63%
(sample 3), 0.90% (sample 4), and 3.48% (sample 5) for cat-
alytic tests. All the samples were investigated by high-angle annu-
lar dark-field scanning transmission electron microscopy (HAADF-
STEM). This technique, also known as Z-contrast imaging, has a
high atomic number sensitivity approaching the Rutherford cross
section (proportional to Z2). Thus, the heavy Pd species can read-
ily be detected with brighter contrast on the magnetite support.
Representative HAADF-STEM images of sample 1 show that all
Pd species exist exclusively as isolated single atoms; neither sub-
nanometre clusters nor nanoparticles are detected by an exhaus-
tive analysis (Fig. 1). In contrast, images of sample 2 reveal the
presence of only a few isolated Pd atoms along with small parti-
cles in the range of 0.9-1.5 nm (Fig. 2a and b). Images of sam-
ples 3-5 show nanoparticles, whose size increases with Pd content
(Fig. 3).
Surface analysis by X-ray photoelectron spectroscopy (XPS)
shows Pd/Fe atomic ratios of 0.016, 0.021 and 0.025 for sam-
ples 2 to 4, respectively. Interestingly, the surface Pd/Fe atomic
ratio normalized by the Pd content progressively decreases as the
Pd content increases, which provides further evidence of the pro-
gressive formation of Pd clusters and nanoparticles following an
increase of the Pd content. The Pd signal in sample 1 is quite low
due to the low metal content of the sample and it is not possi-
ble to accurately determine the Pd/Fe ratio. In accordance to the
HAADF-SEM results, the binding energies recorded in samples 1
and 2 for Pd 3d5=2 and Pd 3d3=2 at 337.9-337.2 and 342.3-342.5
eV, respectively (see Fig. 4) are typical for ionic Pd and small Pd
nanoclusters.20 In the XP spectra of samples 3 and 4, in addi-
tion to these photoelectrons, there is another component corre-
Fig. 2 HAADF-STEM images of sample 2. The dispersion and
distribution of Pd on the catalyst was studied before and after two
styrene hydrogenation reaction cycles. (a,b) Two different images of the
fresh sample evidencing the presence of Pd nanoparticles with
diameters <1.5 nm (seen with enhanced contrast). (c,d) In the reacted
sample, Pd clusters of comparable sizes are observed indicating that no
sintering has occurred. (e,f) Comparison of the Pd particle size
distribution calculated for sample 2 before and after the styrene
reactions.
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Fig. 3 HAADF-STEM images of samples 3-5. Pd nanoparticles with sizes >3 nm are clearly visible with enhanced contrast on the magnetite support.
The amount and the diameter of the Pd particles increase with Pd weight content: (a) 0.63% (sample 3); (b) 0.90% (sample 4); (c) 3.48% (sample 5).
The insert in panel (a) shows a magnified view of the Pd nanoparticle pointed with a white arrow.
sponding to larger clusters or nanoparticles with a metallic char-
acter (Pd 3d5=2 and Pd 3d3=2 at 335.7 and 341.1 eV, respectively),
which is more abundant as the Pd content increases.
Fig. 4 XPS of samples 1-4. (a,b) The binding energies recorded in
samples 1 and 2 are typical for ionic Pd and small Pd nanoclusters. (c,d)
An additional component (in red) corresponding to larger clusters or
nanoparticles with a metallic character is observed for the XP spectra of
samples 3 and 4, respectively.
The catalytic performance of our catalysts is shown in Table 1
along with other representative examples in the literature. Sur-
prisingly, the use of sample 1 –constituted uniquely by Pd SACs–
did not catalyse the reaction at all even increasing both the reac-
tion time and temperature. In contrast, sample 2 gave extraordi-
nary results. The TOF obtained in mild reaction conditions was
5891 h 1, and by increasing the temperature to 60C an excep-
tional TOF of 13724 h 1 was achieved. Samples 3, 4 and 5 exhib-
ited a systematic decrease of the catalytic activity. Figure 5 shows
graphically these catalytic results at room temperature. This be-
haviour was reproduced with the 1-octene and cyclohexene sub-
strates. In both cases, sample 1 was absolutely inactive while
sample 2 permitted to obtain efficiently octane and cyclohexane,
respectively (see ESIy). At this point, in order to explain the cat-
alytic inactivity of the Pd SACs, it was important to discard the
loss of accessibility to palladium through strong metal-support
interaction (SMSI) effects. In this paper, the synthesis of the cat-
alysts as well as the catalytic tests are conducted at room temper-
ature; it is therefore very improbable that the SMSI effect occurs,
given that it only takes place at high temperatures.27 Besides, the
HAADF-STEM images do not show any Pd surface decoration or
Table 1 Selected TOFs for the hydrogenation of styrene
Catalyst Conditions TOF (h 1) Yield (%)c
Pd/Fe3O4 0.18 w% (sample 1) 3 bar, 20C 0 0
Pd/Fe3O4 0.18 w% (sample 1) 10 bar, 75C 0 0
Pd/Fe3O4 0.38 w% (sample 2) 3 bar, 20C 5891 (7854)d 56
Pd/Fe3O4 0.38 w% (sample 2) 10 bar, 20C 5448 52
Pd/Fe3O4 0.38 w% (sample 2)a 3 bar, 60C 13724 65
Pd/Fe3O4 0.63 w% (sample 3) 3 bar, 20C 4861 (10567)d 76
Pd/Fe3O4 0.90 w% (sample 4) 3 bar, 20C 3687 (8379)d 83
Pd/Fe3O4 3.48 w% (sample 5)b 3 bar, 20C 2605 (9303)d 75
Pd/microgel 21 10 bar, 25C 4800
Pd NPs22 21 bar, 50C 7704
Pd/polymer 23 1 bar, 35C 1449
Pd(II)/polymer 24 1 bar, 25C 766
Pd/MOF 25 1 bar, 35C 703
Pd/PEG26 1 bar, 25C 660
Pd/C 24 1 bar, 25C 377
Turnover frequency, TOF = [mol of ethylbenzene/mol of Pd]/time(h). (a)
Double styrene amount added (22.6 mmol). (b) Triple styrene amount
added (33.9 mmol). (c) Yield after 1h of reaction. (d) TOF based on the
palladium surface atoms.
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Fig. 5 TOF values obtained at rom temperature for the hydrogenation
of styrene as a function of the Pd content.
encapsulation by the metal oxide support and, on the other hand,
the catalytic performance of samples 2-5 is not altered after suc-
cessive catalytic runs, thus, indicating that the accessibility of Pd
is maintained after reaction (see below). The radically different
catalytic behaviour between the Pd SACs and the small clusters
can probably be attributed to the positive charge of the Pd SACs,
as shown in the XPS spectra and confirmed by a good number of
metal SACs reported up to now. Thus, the positive Pd atoms (or
better, ions) are reluctant to be oxidized, preventing the forma-
tion of dihydride species, which is the first step for hydrogenation
processes. Besides, all catalysts remained fully active during five
complete cycles without apparent loss of activity. In addition to
this, the HAADF-STEM images of the starting nanoparticles and
those resulting from the second reaction cycle do not show appre-
ciable differences (Fig. 2c and d) indicating a strong Pd-magnetite
interaction.
The potential leach of Pd during the hydrogenation reaction
was investigated. The magnetic nanoparticles were separated by
an external magnet after one hour of reaction and the resulting
solution was maintained reacting with hydrogen one additional
hour. The analysis of the solution showed that the reaction did
not progress. In good accord with this, no Pd was found in the
final solution by ICPoes.
In conclusion, we have synthesized and characterized a sam-
ple constituted by single Pd atoms (0.18% weight) uniformly dis-
persed on the surface of magnetite nanoparticles that do not show
any catalytic activity in the hydrogenation of alkenes. Remark-
ably, the Pd SACs seem to be strongly anchored onto the mag-
netite surface given that no Pd SACs aggregation occurs during
the hydrogenation process, even at 80C. Outstandingly, a sam-
ple (0.38% weight) with Pd nanoclusters in the range of 0.9-1.5
nm along with a few SACs was extremely active overcoming the
best reported TOFs. Finally, samples with higher Pd loading con-
stituted by larger Pd nanoparticles were catalytically less efficient.
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